Background: Transient hypothalamic-pituitary-adrenal axis dysfunction occurs in critically ill foals with sepsis and neonatal maladjustment syndrome (NMS). Cortisol is the most commonly measured steroid. However, a complex interaction of various steroid compounds might play a role in pathophysiology of this disorder.
| INTRODUCTION
Two of the most common reasons for admission of neonatal foals into intensive care units (ICU) are sepsis and neonatal maladjustment syndrome (NMS). 1, 2 Sepsis is a leading cause of morbidity and death in neonatal foals, comprising 60% of admissions to the ICU in a recent study of 1065 foals. 1, 3 Neonatal maladjustment syndrome also known as neonatal encephalopathy is the most common neurologic disorder affecting foals within the first 72 hours of life. 1, 2, 4 The disorder has been referred to as hypoxic-ischemic encephalopathy, perinatal asphyxia, neonatal encephalopathy, and dummy foal syndrome. 2, 5, 6 This syndrome encompasses foals suffering from perinatal hypoxia, as well as those suspected of experiencing impaired transition from intra-to extra-uterine life, resulting from persistent increases in neurosteroid (NS) concentrations after birth. 2, 7, 8 Both subsets of foals display similar neurological alterations in behavior, state of consciousness, and sleep. 2, 7 Alterations of other body organ systems such as decreased gastrointestinal tract motility also can be observed. 9 An association between persistent high concentrations of progesterone and NMS was first reported over 20 years ago. 10 However, this important finding was not investigated further until recently. 7 Transient hypothalamic-pituitary-adrenal axis (HPAA) dysfunction occurs in critically ill foals with sepsis and NMS. 11, 12 Acronyms including relative adrenal insufficiency or critical illness-related corticosteroid insufficiency have been used to describe HPAA dysfunction. 13, 14 In HPAA, dysfunction is characterized by inadequate cortisol response to physiologic stress associated with critical illness. Testing for HPAA dysfunction in neonatal foals consists of measuring basal plasma cortisol concentrations, performing an adrenocorticotropic hormone (ACTH) stimulation test, and calculating the ACTH/cortisol ratio. [15] [16] [17] Cortisol is the most commonly measured steroid in critically ill neonatal foals. 11, 12, [17] [18] [19] However, response to stress in critical illness likely consists of a complex mechanism of interactions among steroids and their metabolites. 7, 20, 21 Neurosteroids are steroids synthetized in the brain that modulate neuronal activity. [21] [22] [23] [24] [25] [26] [27] Neuroactive steroids (NAS) are steroids that modify neural activity independent of their tissue of origin. 27 Neurosteroids and NAS modulate states of arousal, cognitive function, mood changes, seizures, stress response, and brain development and neuroprotection. 21, 28 Human infants experience large changes in many NS concentrations over the first 48 hours after birth. 29 Significant differences in NS concentrations are observed in infants born by vaginal delivery compared to those born by Cesarean section, and in those receiving skin to skin contact as compared to those not receiving contact, often termed kangaroo mother care (KMC). 29 The reported benefits of KMC include mother and infant bonding, improved thermoregulation, enhanced survival of preterm infants, and improved neurodevelopment outcome, all of which might be related to neurosteroid concentrations. 30 Increased steroid concentrations in plasma have been detected in neonatal foals with NMS and sepsis. 7, 20 The lack of transition from high concentrations of NS in the fetus during uterine life to the rapid decrease of NS after birth might affect the neurologic behavior of neonatal animals, resuting in maladaptation to extrauterine life. 8 This alteration results in clinical signs ranging from lack of affinity and bonding of the foal to the mare, not nursing, unawareness of the environment, obtundation, recumbency, altered sleep, and, in some cases, seizures. 7, 20, 31, 32 Experimental IV administration of the neurosteroid allopregnanolone in healthy neonatal foals induced similar changes in neurologic behavior and state of consciousness as those observed in foals with NMS, supporting the important role that NS play in neuronal function. 31, 32 Various disorders including NMS in neonatal foals can present with similar signs, and the role of NS warrants further investigation. Therefore, our objective was to identify steroid compounds including NS and NAS in healthy foals that are found in high concentrations at birth, and that undergo a rapid steady decrease within the first days of life, and subsequently remain at low concentrations and that might be used as reference compounds to support a diagnosis of NMS and other neonatal disorders.
| MATERIALS AND METHODS

| Animals
After approval by the Colorado State University (CSU) Institutional Animal Care and Use Committee, foals born at CSU during the 2016 breeding season were included in the study. Inclusion criteria consisted of foals born from healthy mares with no placentitis, normal gestational period, uneventful birth, and having normal physical and neurological examination findings. The foals had to successfully stand and nurse within 2 hours of birth and remain clinically healthy during the study period (7 days).
| Plasma collection and handling
Jugular venous whole blood was collected in heparinized tubes within 30 minutes after birth, and sequentially at 12, 24, 48, 72, 96, 120, 144, and 168 hours of age. At each collection time, a jugular venous blood sample (3 mL) was collected using a 20 gauge needle in a 3 mL syringe and transferred into a glass vacuum heparinized blood tube.
Blood was centrifuged for 10 minutes at 1000g. Plasma was aliquoted into 2 mL cryotubes and stored at −80 C until further analysis. quadrupole mass spectrometer. This method has been described in detail elsewhere. 33 
| Sample analysis
| Statistical analysis
Normality of the data was evaluated using the Shapiro-Wilk normality test. Scatter plots were constructed to determine distribution of concentrations of each compounds over the 7 days. Initially, exponential decay, and second or third polynomial models were considered for all compounds. Choice of which model to use for final representation for each compound was based on the coefficient of determination (R 2 ).
Half-life of the compounds was determined using nonlinear regression with random effects for initial concentration of each compound at the first blood collection (within 30 minutes after birth). 34 Compounds after a 1-phase exponential decay model were considered preferable targets for use as references supportive for the diagnosis of NMS and other neonatal disorders. The general predicted nonlinear regression model was:
where Y is the concentration of the compound at different time points, Y 0 is the value of Y when X is equal to zero; Plateau is the Y value at infinite time, K is the rate constant, X is the time variable, and e is the exponential function. Half-life (hours) for each compound was calculated as ln(2)/K, where ln is the natural logarithm function. Wherever possible, differences between males and females were evaluated by comparing the rate constants (K) using an F test. In contrast, compounds after a decay that fitted best with a second or third polynomial model were considered poor targets for use as references supportive for the diagnosis of NMS and other neonatal disorders. All statistical analysis was performed using commercial statistical software (GraphPad Prism, Version 7, LaJolla, CA). Significance was set at P ≤ .05.
| RESULTS
A convenience sample of 10 healthy Quarter Horse foals, 5 females and 5 males, was included in the study. These foals were born from February to April as follows: February N = 2 (1 filly, 1 colt), March N = 4 (2 fillies, 2 colts), April N = 4 (2 fillies and 2 colts). Seven foals were born between 1:00 and 4:30 am, and 3 between 6:00 and 8:00 pm Daily evaluations showed that these foals remained clinically healthy and continued to grow uneventfully. Of the panel of steroid compounds measured, 5 were identified as potential markers of continuous endogenous production of steroids based on the narrow concentration range among foals with a rapid progressive decrease in concentrations as the foals aged. In some foals, these NS decreased to concentrations below the level of detection by 96 hours of age (Table 1) . Potential markers included pregnenolone ( Figure 1A ), progesterone ( Figure 1B ), DOC ( Figure 1C ), DHEA ( Figure 1D ), and DHEA-S ( Figure 1E ). Of these 5 compounds, pregnenolone and progesterone rapidly decreased to low concentrations by 24 hours of age and remained low through the first 7 days of life ( Figure 1A,B days of life, and likely reflects a placental origin or termination of endogenous production within the central nervous system (CNS). 43, 44 The contribution of the foal's fetal gonads and adrenal cortex is unknown. Suppression of fetal level of consciousness by progesterone through the modulation of the CNS in the prenatal period has been investigated in lambs, and presumed to be similar in fetal foals. 8, 45, 46 This suppression of fetal consciousness is necessary to avoid injury to the uterus, cervix, and vaginal tissues during gestation and the peripartum period. 45 However, a rapid transition from the neurologic dampening effects of NS and NAS resulting in a decreased state of consciousness to an alert and active state must occur rapidly in the postnatal period to increase the chance of survival of prey animals in the wild. 8, 45 Recently, high concentrations of NS have been documented in diseased neonatal foals. 7, 20, 36 47 A similar hypothesis has been proposed for human infants born by Cesarean section. 29 Transition of consciousness from fetal to neonatal life also has been studied in humans and requires the establishment of important thalamocortical connections. 48 Concentrations of steroid compounds are different in plasma, cerebrospinal fluid, and brain tissue. 21, 27 Concentrations of these compounds also vary within the different areas of the brain (eg, hippocampus and thalamus). 27 Pregnenolone, the first hormone produced in the steroidogenesis cascade, is known to occur at high concentrations in the brain. 27 Pregnenolone subsequently is converted to progesterone. Progesterone can be produced by the ovaries, placenta, and adrenal glands; DHEA and DHEA-S are produced in the adrenal glands, gonads, and brain; and, DOC is produced in the adrenal glands and brain. 49, 50 Furthermore, pregnenolone and DHEA have been found to be the most abundant steroids in the fetal blood of horses. 44 Several acronyms have been given to these compounds. For instance, DHEA-S is also known as androstenolone sulfate, DHEA as androstenolone, and DOC as 21-hydroxyprogesterone, deoxycortone, or cortexone. 49, 50 In addition to these compounds, androstenedione and epitestosterone also have been reported to be increased in plasma from foals with NMS < 48 hours of age. 7 These NS also were increased at birth in our current study but their decline was not consistent and concentrations fluctuated after 48 hours of age (data not shown), making these NS less useful as a reference for comparison with diseased foals.
Allopregnanolone, a neuroactive metabolite of progesterone, is known to increase during pregnancy and peaks in late gestation in rats and mares. [51] [52] [53] Allopregnanolone is responsible for signaling pregnancy to the brain, stimulates opioid production by the brainstem, and enhances gamma aminobutyrate (GABA) action in the paraventricular nucleus to attenuate the HPAA response to stress in late pregnancy. 51, 52, 54 This pregnancy adaption is believed to protect the fetus from adverse early life programming by maternal glucocorticoids. 55, 56 However, allopregnanolone must decrease rapidly after birth. 51 Allopregnanolone concentrations in neonatal foals in our study were below the level of detection. 7 Signs comparable to NMS were induced in 2 healthy neonatal foals after the IV administration of allopregnanolone. 31, 32 The signs displayed by foals included abnormal behavior such as lack of nursing and bonding with the mare, obtundation (1 foal becoming recumbent), somnolence, and altered sleep (1 foal sleeping while standing). 31, 32 Furthermore, an electroencephalogram showed induced drowsiness and slow wave sleep during allopregnanolone infusion. 31, 32 The observed signs were transient and The mode of action of steroid compounds in neuronal activity involves 1 of 2 pathways: genomic and nongenomic. 57 Genomic mechanisms consist of steroid binding to intracellular receptors located in the nucleus or cytoplasm that regulate gene transcription. This effect occurs within minutes to hours. 57 Nongenomic mechanisms consist of binding to plasma membrane receptors resulting in rapid modulation within milliseconds to seconds. 57 Neurosteroids and NAS are highly lipophilic and modulate neuronal excitability of the brain by direct interaction with GABA-A receptors and their mode of action depends on concentration, type of compound (agonist versus antagonist, sulfated versus nonsulfated forms), and type of receptor (synaptic versus extrasynaptic). 25, 26 The GABA-A receptors are pentameric ligand-gated chloride channels responsible for the majority of inhibitory currents in the brain. 26 Despite distinct binding sites to GABA-A receptors for GABA, benzodiazepines, and barbiturates, NS have similar anesthetic and anticonvulsant effects. 26 Two of the compounds identified here, progesterone and DOC, are known to have sedative, anesthetic, and anticonvulsant actions. 58, 59 Persistent high concentrations of these NS could explain clinical effects observed such as lack of bonding with the mare, failure to nurse, and obtundation in foals with NMS.
Opposite to sedative and anesthetic modes of action, DHEA-S inhibits the GABA-A receptor and the clinical effects could be different. 22 For instance, seizures might be observed in some foals with NMS. 9 It is possible that a more complex interaction of various NS and NAS might play a role in the development of seizures in a subset of foals, and warrants further investigation. Steroid compounds with known anticonvulsant effects include progesterone, allopregnanolone, pregnanolone, dihydroprogesterone, androstanediol, etiocholanolone, dihydrostestosterone, DOC, dihydrodeoxycorticosterone, and allotetrahydrodeoxycorticosterone. 60, 61 Proconvulsant steroids include estradiol, pregnenolone sulfate, DHEA-S, cortisol, and 11-deoxycortisol. 60 Pregnenolone and its sulfate derivative (pregnenolone sulfate) have a multitude of actions involving inhibition of voltage-gated calcium channels in the brain. [60] [61] [62] The influence of NS on function of the nervous system goes beyond the CNS. Neurosteroids also contribute to the modulation of the intrinsic enteric nervous system through inhibition by GABAnergic synaptic input from the nucleus tractus solitarius. 63 Some foals with NMS display gastrointestinal motility disturbances that resolve as neurological status improves.
Sensitivity to NS and NAS between females and males in mice models and humans has been reported to be different and dependent on concentrations and receptor targets. 26, 64, 65 A sex predisposition in foals with NMS has not been reported, and differences in NS and NAS concentrations between fillies and colts have not been investigated. 2, 7 In our study, no differences were found between females and males in the concentrations and decay patterns of the 5 compounds identified as potential markers. Concentrations of the compounds in our study however were below detectable levels in some foals particularly after 48 hours of age, which might have affected the decay models and predicted half-lives.
Based on our findings in healthy foals, we propose that progesterone be considered as a useful clinical reference compound for the investigation of NMS and other neurological disorders of neonatal foals.
Progesterone assays have been validated in equine blood for use in monitoring the estrous cycle in mares, with relatively sensitive immunoassay methods. 66, 67 This is not the case for a number of other steroid compounds for which assays might not be available or sensitivity might be low if compound concentrations are low. One limitation of progesterone commercial kits is the use of semiquantitative methods. Furthermore, concentrations of progesterone above the detection levels cannot be accurately determined without proper dilutions or linearity studies. Routine progesterone measurements rely on immunoassays (eg, ELISA, radioimmunoassay [RIA]) and it is unknown if such results would be comparable with those reported in our study using mass spectometry. 67 A recent study showed that progestogen and cortisol concentrations decreased in healthy foals over a 7-day period compared to sick foals (sepsis) born to mares with experimental bacterial placentitis. 36 However, that study measured steroids using ELISA and RIA. Those results suggest that other mechanisms such as shifts in adrenocortical steroidogenesis and HPAA activity might be involved. In our study, progesterone concentrations rapidly and consistently decreased within 24 hours of birth, and remained low throughout the 7-day observation period. During this time, the behavior and state of consciousness of the foals was normal. Similarly, another study found a rapid decrease in progesterone concentrations in healthy foals, using an RIA assay. 10 This decrease was not observed in foals with NMS in which progesterone remained persistently increased and foals displayed abnormal neurologic status. 10 In a different study, plasma concentrations of progestagens were measured in pregnant mares, fetuses, and newborn foals, and progestagen concentrations were undetectable within 1-2 days of life. 43 In conclusion, pregnenolone and progesterone were found to decrease rapidly within the first 24 hours of life and remained at low 
